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 The genotoxic potential of imidacloprid were studied.
 Imidacloprid had a genotoxic effect on the two organisms tested (Tradescantia pallida and Allium cepa).
 Imidacloprid has an environmental risk.
 Imidacloprid genotoxic risks should be taken into consideration when using this insecticide in agriculture.a r t i c l e i n f o
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Chromosome aberrationsa b s t r a c t
The indiscriminate use of pesticides has become a serious environmental concern. Of them, imidacloprid
(IMI) is one of the most widely used worldwide. In 2010 in Brazil, 1.934 tonnes of IMI were sold and
mainly used for sugarcane crops. Several studies have examined the toxicity of IMI as well as its possible
ecological effects. However, few studies have examined its toxicity at the genetic level. This is one of the
biggest challenges for the scientiﬁc community, which is concerned about the impacts of these contam-
inants on the environment and human health. In this study, we evaluated the effects of IMI above the
genetic material in Allium cepa and Tradescantia pallida following exposure to different concentrations
of this insecticide. The results demonstrated that the concentrations tested induced chromosomal alter-
ations and increased the frequency of micronuclei. Therefore, IMI in these concentrations was genotoxic
to the tested organisms. These factors should be taken into account when applying this pesticide.
Published by Elsevier Ltd.1. Introduction
Imidacloprid (IMI; 1-[(6-chloro-3-pyridinylmethyl]-N-nitro-2-
imidazolidinimine) belongs to a class of chemical compounds
called neonicotinoids that act on the central nervous system of
insects. It is one of the top selling and most widely used insecti-
cides in the world (Nauen and Bretschneider, 2002) for the purpose
of controlling sucking insects, chewing insects, and termites
affecting crops. It is applied directly to the seeds, soil and culturesand can be used in topical treatments to control ﬂeas on pets
(Mullins, 1999). In Brazil, it is commonly used in sugarcane, citrus,
cotton, and coffee crops (AlamosBrasil, 2008). In 2010, companies
reported sales of 1.934 tonnes of IMI to the Brazilian Institute of
Environment and Renewable Natural Resources. The aerial applica-
tion of this insecticide has been associated with the death of bees
in different regions of the country, which has led to its prohibition.
Currently open to re-evaluation, the aerial application of pesticides
is prohibited during ﬂowering and when bees are foraging on any
type of crop due to its negative effects (IBAMA, 2012).
Insecticides can have toxic effects on plants and animals due to
the presence of residues in the soil, water, and air. IMI is biotrans-
formed into several metabolites that degrade completely into
carbon dioxide (Bacey, 2000), and ﬁeld studies have shown that
it can persist in soil, with a half-life of 27–229 days (Meister,
1994). In addition to environmental contamination, its residues
Y.A. Rodríguez et al. / Chemosphere 120 (2015) 438–442 439can enter the food chain, potentially reaching humans and posing
health risks (Edwards, 1973). There have been several toxicity
studies of IMI in attempts to obtain its registration and commer-
cialisation; among them, acute toxicity studies in mice and rats
have indicated that this insecticide is moderately toxic (Kidd and
James, 1991; Meister, 1994), classifying it as a Class III compound
according to its median lethal dose (Gallo et al., 2002). Genotoxi-
city studies have reported the possible presence of alterations in
the chromosomes of human lymphocytes and CHO cells following
exposure to IMI (Federal Register, 1995). However, carcinogenicity
studies led to its classiﬁcation as a ‘‘Group E’’ carcinogen with
minimal risk to human health by USEPA (1995).
In countries with an agriculture-based economy, the use of a
wide variety of pesticides is a major concern, and therefore,
toxicological studies are extremely important. The use of live
organisms (bioindicators) can reveal the presence of stressors from
environmental pollutants (Carneiro and Takayanagui, 2009) and
monitor their negative effects. Several studies have been
conducted with plants, aquatic organisms, amphibians, insects,
annelids, birds, and rodents demonstrating the toxicity of different
pesticides used in agriculture (Iannacone et al., 2007; Amaro, 2009;
Dittbrenner et al., 2011). Studies at the genetic level that indicate
changes in the genotypes and phenotypes of individuals are also
important because these alterations can cause ecological
disturbances at the population and community levels (Shugart
and Theodorakis, 1996). Many of the pesticides used to control
pests in different areas, despite their beneﬁts, may potentially
induce genetic alterations in plants and animals (Bouhafs et al.,
2009; Cavas, 2011; Dante, 2011).
Higher plants are used worldwide in environmental biomoni-
toring. They are considered to be excellent genetic models for
detecting environmental mutagens (Haywood et al., 2007;
Andrioli et al., 2012; Herrero et al., 2012). Among plant species,
Allium cepa has been used to evaluate DNA damage, such as CAs
and disturbances in the mitotic cycle. It has also been widely used
to evaluate xenobiotics and is an important tool for environmental
biomonitoring (Leme and Marin-Morales, 2009). Tradescantia
pallida, which is known for being highly sensitive to mutagens, is
also suitable for monitoring studies. The MN test using this species
is an important tool in environmental studies (air pollution,
chemical contaminants in the water and soil). When exposed to
genotoxic and mutagenic agents, its reproductive cells exhibit
nuclear fragments (MN) resulting from chromosomal breakage or
loss, indicating genotoxic damage (Carneiro and Takayanagui,
2009; Mielli, 2009).
This study aimed to evaluate the effects of IMI above the genetic
material in the organisms A. cepa and T. pallida following exposure
to different concentrations that are typically used in sugarcane
crops, which were applied directly to the soil.2. Materials and methods
2.1. Test compound – IMI
The compound used in this study was IMI (1-[(6-chloro-3-
pyridinylmethyl]-N-nitro-2-imidazolidinimine) (CAS N138261-
41-3, molecular formula of C9H10ClN5O2), which was obtained
from Bayer Crop Science, Agricultural Experiment Station-SP, Lot
EDE 0036241.2.2. Treatment solution
The insecticide IMI was diluted in distilled water, which was
based on the maximum concentration of the commercial product
applied to the soil (40 mg m2), half of the recommendedconcentration to simulate natural dilution (20 mg m2), and twice
the concentration (80 mg m2) to simulate indiscriminate use.
2.3. Biological materials
2.3.1. A. cepa
The bioassays were conducted with A. cepa seeds (Liliaceae) of
the Baia Periforme variety (Isla Sementes brands, Lot 32443-S2)
to minimise variations in treatment response. The seeds were
stored in the dark at 6–10 C until use.
2.3.2. T. pallida
Inﬂorescences of T. pallida were obtained from standardised
garden beds, which were maintained at the Experimental Garden
of the Institute of Biosciences, UNESP, Rio Claro Campus, São Paulo,
Brazil.
2.4. Bioassays
2.4.1. A. cepa assay
To evaluate the toxic, cytotoxic, genotoxic, and mutagenic
potentials of the different concentrations of IMI, 100 A. cepa seeds
were used in each bioassay according to a modiﬁed version of
Grant’s protocol (1982). The seeds were allowed to germinate at
a temperature of 23 C in petri dishes lined with paper ﬁlters
moistened with IMI. The positive control consisted of 0.019 ppm
of the aneugenic herbicide Triﬂuralin (CAS N1582-09-8)
(Fernandes et al., 2007). The negative control consisted of seeds
allowed to germinate in ultrapure water. All bioassays were con-
ducted in duplicate. The seeds remained in petri dishes for 96 h.
Those that did not germinate were quantiﬁed. Root tips were
collected and ﬁxed for slide preparation and cytogenetic analyses.
The materials were ﬁxed in Carnoy’s solution (3:1 ethanol:glacial
acetic acid) for 6 h and then transferred to fresh Carnoy’s solution
and maintained in a refrigerator until use. For the cytogenetic
analyses, the roots were stained by the Feulgen reaction (Mello
and Vidal, 1978), which consisted of an acid hydrolysis with 1 N
HCl at 60 C for 9 min followed by rinsing with distilled water.
The materials were then immersed in Schiff reagent for 2 h. For
the slide preparation, 2% acetic carmine was used. The root
meristems were gently pressed between the slides and coverslips.
The latter was removed with liquid nitrogen, and the slides were
mounted with Permount for examination. On each slide, 1000
meristem cells of A. cepa were examined (totalling approximately
5000 cells per treatment) under a light microscope.
Toxicity was evaluated based on the seed germination index,
which was calculated as the ratio of the number of germinated
seeds to the total seeds allowed to germinate.
Cytotoxicity was assessed based on the quantiﬁcation of mor-
phological alterations indicating cell death and the MI, which
was characterised by the total number of dividing cells in the cell
cycle and was calculated by the formula MI = (number of dividing
cells/total number of observed cells)  100.
Genotoxicity was evaluated based the CAI, which was calcu-
lated by the formula CAI = (number of cells with CA/total number
of observed cells)  100.
The results obtained for all concentrations were compared
with those of the negative control using the non-parametric
Kruskal–Wallis test with signiﬁcance set at 0.05; the analyses were
performed using the BioEstat 5.0 software.
2.4.1.1. Evaluation of MN in cells from the F1 region of A. cepa. To
examine damage ﬁxation in the meristematic cells, the MN were
quantiﬁed in 5000 cells from the F1 region for each treatment.
The results obtained for all samples were compared with those
of the negative control using the Kruskal–Wallis test with
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BioEstat 5.0 software.2.4.2. T. pallida assay
The T. pallid MN test was developed according to Ma et al.
(1994) protocol, with modiﬁcations. To evaluate genotoxicity, ten
young inﬂorescences (all with closed ﬂower buds) of approxi-
mately 6–8 cm in length were collected from standardised ﬂower
beds and placed in beakers for 8 h under constant aeration with
IMI at one of the three concentrations. After this period of expo-
sure, the inﬂorescences were transferred to beakers with ultrapure
water, where they remained for 24 h for possible recovery. The
same protocol was followed for the negative (exposure of inﬂores-
cences to ultrapure water) and positive (exposure of inﬂorescences
to 10 lL mL1 of MMS) controls. After this period, four clusters of
buds were selected and ﬁxed with Carnoy’s solution for 24 h. Then,
the medium-sized bud was used to prepare the slides. The material
was placed on a slide and macerated with a razor blade to remove
the remnants of inﬂorescence. To facilitate the procedure and dem-
onstrate the presence of micronucleated tetrads, a drop of 2% acetic
carmine (Sisenando et al., 2009) was added to the material and
coverslipped. The slide was then quickly passed over a ﬂame. Ten
slides were examined per treatment under a light microscope to
examine the presence of MN, and a total of 3000 tetrads were
observed per treatment. The results obtained for all samples were
compared with those of the negative control using the Kruskal–
Wallis test with signiﬁcance set to 0.05, and these analyses were
performed with the BioEstat 5.0 software.3. Results
The results from the A. cepa assay, in which the cells were
exposed to the three concentrations of IMI and the positive and
negative controls, are shown below in Table 1. The MI was ana-
lysed, which represented the number of dividing cells, and no sig-
niﬁcant differences were observed when comparing the treatments
with the negative control. The CAs and nuclear abnormalities
observed in the present study were visualised at all stages of the
cell cycle, including interphase, prophase, metaphase, anaphase,
and telophase. Several types of aberrations within different cell
division stages were considered (chromosome fragments, losses
and bridges, vagrant chromosomes, delays, adherence and other
aberrations) (Leme and Marin-Morales, 2009). However, they were
classiﬁed into just one category to evaluate the CAI as a single end-
point. The most frequent alterations observed in this study were
binucleated cells, metaphases with chromosome loss, anaphases
with chromosome bridges, and anaphases with chromosome loss.Table 1
Mean and standard deviation of the mitotic, chromosomal aberrations index in 5000
meristematic cells of A. cepa and MN in cells of the F1, region after exposure to
ultrapure water (negative control), triﬂuralin (positive control) and three concentra-
tions of IMI.
Parameters analysed/5000 cells
Groups MI CAI MN (F1 region)
NC (H20) 10.307 ± 1.03 0.115 ± 0.05 0.3 ± 0.15
IMI (20 mg m2) 10.341 ± 1.48 1.302 ± 0.28* 0.4 ± 0.16
IMI (40 mg m2) 7.71 ± 1.37 1.48 ± 0.18* 0.8 ± 0.38
IMI (80 mg m2) 11.658 ± 1.60 1.584 ± 0.24* 1.8 ± 0.35*
TFA (0.019 ppm) 9.768 ± 1.19 1.873 ± 0.23* 4.4 ± 0.93*
NC: negative control; TFA: triﬂuralin-positive control; IMI: imidacloprid; MI:
mitotic index; CAI: chromosomal aberration index; MN: micronuclei in cells of the
region F1.
* p < 0.05. Values statistically signiﬁcant, compared to negative control with the
Kruskal–Wallis test.Anaphases with chromosome breakages and meristematic cells in
interphase with MN were also observed. All concentrations of
IMI induced genotoxic effects (Table 1) when compared with the
negative control (p < 0.05), based on the CAI. The presence of MN
in the F1 region at the highest concentration of IMI (Table 1) was
statistically signiﬁcant compared with the negative control
(p < 0.05), suggesting the permanence of the damage.
In the T. pallida test, signiﬁcant increases in the frequencies of
MN (Fig. 1) were observed in the tetrads at the three concentra-
tions of IMI compared with the negative control (p < 0.05).4. Discussion
The intensive use of pesticides in agriculture is associated with
a wide range of potential environmental risks. Despite their bene-
ﬁts, they can also induce genetic alterations in plants and animals.
Furthermore, the indiscriminate use of these chemicals can cause
poisoning and environmental contamination. To evaluate the pos-
sible cytotoxic, genotoxic and mutagenic effects of these sub-
stances, organisms that are easily obtainable and sensitive to
pesticide exposure may be used as indicators in association with
different biomarkers (Silva et al., 2003).
The neonicotinoid IMI is one of the most frequently used pesti-
cides. Thus, the assessment of the effects of different concentra-
tions of IMI on genetic material from two test organisms, as
conducted in the present study, is extremely important to provide
information on this widely used insecticide.
The A. cepa assay is commonly used in studies on pesticides,
such as the herbicide triﬂuralin, which is capable of interferingwith
cell division (Fernandes et al., 2007, 2009), and chlorfenvinphos and
fenbuconazole (Türkoglu, 2012), which are two compounds that
possess genotoxic effects. Studies on organophosphate pesticides,
such as Br-containing oxaphosphole, have also been conducted.
These chemical compounds can affect proliferating cells and cause
disturbances in genetic material (Kalcheva et al., 2009). Azzurro,
which is a fungicide that is widely used in agricultural and
industrial applications (Andrioli et al., 2012), has also been
evaluated using the A. cepa test.
MI is a parameter that allows for the estimation of the
frequency of cellular division, which is used to reliably identify
the presence of cytotoxic pollutants in the environment (Fiskesjö,Fig. 1. Frequency of MN in 3000 tetrads per experimental group (mean ± SD). MMS
(10 lL mL1): methyl methanesulfonate (positive control); NC: negative control
(distilled water); IMI-1: imidacloprid (80 mg m2); IMI-2: imidacloprid
(40 mg m2); IMI-3: imidacloprid (20 mg m2). *p < 0.05, signiﬁcant differences
compared with the negative control, as shown by the Kruskal–Wallis test.
Y.A. Rodríguez et al. / Chemosphere 120 (2015) 438–442 4411985). This study did not reveal a signiﬁcant reduction in the MI at
the evaluated IMI concentrations. The results obtained for the dif-
ferent concentrations of IMI revealed a signiﬁcant dose-dependent
increase in the frequency of CAs in the A. cepa cells. Similar effects
have been observed in studies of the fungicides Azzurro (Andrioli
et al., 2012) and ﬂusilazole (Ozakca and Silah, 2013). It has been
reported that DNA breakages and the inhibition of DNA synthesis
and replication are the main causes of structural chromosomal
alterations. They can be spontaneous or induced by physical and
chemical agents (Obe et al., 1992; Bryant, 2004). CA, such as
bridges and breaks, suggest clastogenic activity, while chromo-
some losses indicate aneugenic effects (Leme and Marin-Morales,
2009). Chromosome bridges result from chromosome and/or chro-
matid breakage and fusion, whereas laggard chromosomes
increase the risk of aneuploidy (Grover and Kaur, 1999). Generally,
cytotoxic agents cause disturbances of the spindle, resulting in
C-mitosis, C-anaphase and multipolarity effects. It has also been
demonstrated that some CAs may occur through non-direct geno-
toxic effects. Some damage induced by metals can inhibit DNA
repair mechanisms by competing with certain ions, such as those
that are essential for DNA polymerases (Cebulska-Wasilewska
et al., 2005). Indeed, some CAs were induced by DNA breaks, but
repair mechanisms intervened to repair these anomalies and
maintain genomic integrity (Vodicka et al., 2004). Moreover, some
pesticides may cause indirect genotoxic effects, such as the
decreased levels of DNA repair that have been observed following
glyphosate exposure (Cavas and Konen, 2007). Treatments with
some chemicals have been shown to induce the deregulation of cell
cycle events (Zabka et al., 2012) and the activation of surveillance
mechanisms to stop the cell cycle, allowing time for the comple-
tion of a particular cell cycle event. These checkpoints are essential
for cell survival under adverse conditions, and the alteration of one
of these checkpoints by a xenobiotic agent could disorganise all
division processes and lead to aberrant mitosis (Rybaczek et al.,
2007). Anaphase with chromosome breaks and MN cells were the
most commonly observed abnormalities at the three concentra-
tions of IMI evaluated. Clastogenic and aneugenic activities are
inferred by the presence of MN. These structures can be formed
from acentric fragments as a result of a clastogenic actions or the
loss of an entire chromosome due to aneugenic activities
(Fenech, 2000). In this study, the presence of MN in cells from
the F1 region was observed only in the group exposed to the high-
est concentration of IMI, demonstrating its mutagenic potential.
Similar results have been previously reported for other pesticides
(Ventura et al., 2008; Cavas, 2011). The damage induced in meri-
stematic cells exposed to the two lowest concentrations may have
been repaired because no signiﬁcant differences were found in the
frequencies of MN in the cells from the F1 region.
Another plant used in the present study was T. pallida. However,
few studies have used this species to evaluate the effects of
pesticides (Raino et al., 2010) because it is most commonly used
to evaluate environmental samples (Savóia et al., 2009; Crispim
et al., 2012; Pereira et al., 2013). The results involving T. pallida
indicate signiﬁcant dose-dependent increases in the frequencies
of MN in the groups exposed to the three IMI concentrations. The
results obtained for T. pallida support those for A. cepa.
Field studies have shown that IMI can remain in the soil
(Meister, 1994), where it is biotransformed into various
metabolites until being completely degraded into carbon dioxide
(Bacey, 2000). Its presence can be toxic to organisms in the ecosys-
tem, such as bees (de Almeida-Rossi et al. (2013)), earthworms
(Dittbrenner et al., 2011) and amphipods (Maley et al., 2012).
Studies of its possible genotoxic effects on human lymphocytes
have also been conducted. A weak clastogenic activity (DNA
breaks) was observed in the presence of metabolic activation. In
CHO cells, a signiﬁcant increase in sister chromatid exchangewas observed at concentrations of 2 and 3 mg mL1 with metabolic
activation (Cordone and Durkin, 2005). Another study of the
genotoxicity of IMI reported the interaction between DNA and this
pesticide as revealed by RLS. The mechanism underlying this inter-
action is still unknown. The RLS of DNA was inactivated by the
addition of IMI to an aqueous solution with a pH value of 2.10
(Shicong et al., 2009). The data obtained in this investigation
conﬁrm the USEPA classiﬁcation of both pesticides as possible
human carcinogens.5. Conclusions
Results here demonstrated that IMI had a genotoxic effect on
the two organisms tested at the three concentrations assessed;
therefore, it poses a potential environmental risk. Because the
use of pesticides cannot be avoided, lower doses would be
beneﬁcial in addition to the development of less toxic substances
with similar effects, which could lead to healthier environments
for future generations.Acknowledgments
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